The paper presents results of experimental and numerical investigation addressing combustion of baled agricultural biomass in a 50
Introduction
Biomass combustion in cigar burners is considered new and still undeveloped technology [1] [2] [3] [4] . Several experimental installations with cigar burners have been designed, constructed, and built in the Laboratory for Thermal Engineering and Energy, in Vinca Institute of Nuclear Sciences, Belgrade, Serbia, with an aim to examine combustion of baled biomass in cigar burners. The largest and the most important facility is a 1.5 MW industrial demonstration boiler installed in the Belgrade agricultural complex PKB. The boiler is designed to
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Experimental investigation
Experimental facility used to investigate combustion of baled agricultural biomass is shown in fig. 1 . Experimental furnace was adapted so as to be suitable for burning small biomass bales. Baled biomass (item 4) is fed into the thermally insulated furnace by the means of ball screw feeder (5) . Once in the furnace, the bale rests on a grid (2) . Air needed for fuel combustion is introduced through air distributors (3, 9) , whereby air flow is regulated by the means of flaps (8) . The ratio of combustion air to re-circulated flue gas (recirculation rate) is controlled by control valves (10) . Combustion fluid is transported by the means of a fan (13, 14) . In order to determine temperature profile in the bale and gain insight into the combustion process characteristics, a thermocouple was attached to the bale and introduced into the combustion chamber together with the bale. The resulting temperature profile was used to verify mathematical model developed to simulate the process examined.
During the experimental investigations the following input parameters were measured: (a) air mass flow rate at the upper and lower entrance, 1 m , 2 m , respectively, (b) fuel mass flow 
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rate (baled corn stover) fu m , and (c) flue gas temperature in the furnace T1-T6; (d) composition of dry flue gas in the outlet cross-section of the modeled area (CO 2 , O 2 , CO, NO).
The fuel is fed into the furnace in a quasicontinuous manner, meaning that the bale travels towards the combustion furnace during one portion of the one minute period, while resting during the remaining portion of the same one minute period. Relative position of the bale in relation to the entrance into the combustion chamber was therefore determined, as well as related time period needed for the bale to pass that particular distance. Data collected enabled the mean fuel mass flow rate fu m to be determined. In addition, temperature field in the central cross-sectional area of the corn stover bale placed in the furnace was also determined. Four thermocouples were installed along the central vertical plane of the bale, measuring respective temperatures in the stationary combustion regime.
Experimental investigation was conducted with corn stover used as an experimental fuel. Corn stover represents the most common renewable agricultural fuel in Serbia, and should be find way to make it usable for exploitation. Experiments were performed under the assumption that porosity of the fuel sample in the test section of the apparatus corresponds to the porosity of the fuel under real combustion conditions. The bales used in the investigation performed have had the size of 0.35 × 0.45 × 0.80 m, density of pressing of 92 kg/m 3 and porosity of 0.65. Ultimate and proximate analysis of experimental fuel is given in tab. 1. Fuel and air flow rates are presented in tab. 2. 
Mathematical model
Development of appropriate mathematical model requires a set of appropriate equations which define velocity, concentration and temperature fields to be set-up. Each of these equations is defined in the form of well-known CFD transport equations. It is important to emphasize that some of the transport equations defining turbulent flow in porous media are different from the equations developed for the fluid environment. For the said reason, these two sets of equations need to be defined separately. However, before defining the model, certain assumptions need to be made in order to simplify the calculation, but without great affecting the end result. Thus, the following assumptions have been made: -model is stationary and assumes constant position of the combustion front in relation to the combustion chamber, the fuel enters the furnace in a manner shown in fig. 1 ; -feeding of the fuel into the combustion chamber is approximated by volumetric sources of different fuel constituents defined only for the porous zone of balled biomass; -source intensity is defined based on desired furnace output; -porous medium is deemed homogeneous, with constant characteristics (porosity, permeability, conductivity) since mass is uniformly distributed throughout the entire volume of the porous layer; -it is assumed that the source of water vapor released by drying is uniformly distributed throughout the volume of the porous layer; however, energy used for drying is modeled based on the experimental findings; -it is assumed that combustion in porous and fluid environment is laminar; -Arrhenius model was used to define the rate of chemical reactions; and -it is assumed that volatiles consist of propane, CO 2 and water vapor.
Equations describing velocity, concentration and temperature fields were then defined based on the assumptions made. The equations were set for the entire domain, which included the porous biomass bale and the fluid environment surrounding the bale. Domain of the mathematical model is indicated by dotted lines in fig. 2 . Transport processes were modeled by assuming that flow regimes in both environments were turbulent, where turbulence was modeled using the widespread and generally accepted k-ε turbulence model. A continuity equation represents the simplest transport equation, where the unsteady term was omitted due to the stationarity of the case examined. Cross-sectional velocity in the porous layer corresponds substantially to the velocity in the fluid environment [3, 6, 7] , meaning that continuity equation, which applies to the porous and the fluid environment, may be expressed in the following manner:
where S c is the source member defined by boundary conditions, i, j = 1, 2 for 2-D case, and W j is the velocity component (W 1 and W 2 ).
In order to be able to define velocity field, it is necessary to define the momentum equation, eq. (2), which differs for fluid and the porous media. While momentum equation for fluid environment takes its usual form, momentum equation for porous media comprises an additional member, which accounts for a pressure drop occurring as a result of fluid flow through the porous media. This pressure drop is usually defined by Forchheimer's equation which, in case of higher velocities, implies a non-linear relation between fluid velocity and pressure gradient [3, 6, 7] :
In eq. (2) turbulent stresses are determined by the widespread k-ε model. It was also assumed that the turbulent viscosity coefficient in the porous area µ ε,t , is equal to the turbulent viscosity coefficient in the free fluid zone µ k , meaning that their effective values are equal [3] . Coefficients, K 1 and K 2 are Forchheimer's equation coefficients which are determined experimentally [6, [8] [9] [10] .
The species concentration fields are defined through species transport equations. Similarly to momentum conservation equation defined for fluid flow, species transport equation has its common form that includes diffusion, convection, and source members. Based on 
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macroscopic examination of porous media and having in mind that the impact of the fluid where species transport occurs is taken into account through effective diffusion coefficient, the following expression may be written:
where D eff is the effective diffusion coefficient. By neglecting the turbulence range and dispersed turbulent diffusion, this coefficient is defined as:
where σ m is the Schmidt number of molecular diffusion and D disp is mass dispersion coefficient which, according to Pedras and de Lemos [7] and de Lemos [11] , can be determined:
where C is the model constant which, according to Pedras and de Lemos [7] and de Lemos [11] , reaches approximately 100 for the flow conditions present in the case considered here in. However, for simplicity reasons and due to macroscopic approach related to the analysis of the fluid flow through porous media, the dispersed mass diffusivity has been neglected and the following has been adopted: µ ε = µ and µ t,ε = µ t . Thus, effective diffusion coefficient in the porous media becomes equal in the fluid flow:
The source member of this equation is multiplied by the porosity ε, because of the assumption that chemical reactions take place only in the porous cavity. The form of the source member R k depends on the combustion process rate, as well as the stoichiometry of the process. Thus, the source member is defined based on the mentioned two parameters.
As far as the homogeneous reaction is concerned, literature data [12] reveal that modified Arrhenius's expression for the conversion components rates is often used:
where R k is the component k conversion rate, m -the number of chemical reactions, A i -the prior to exponential coefficient for the reaction i, a i -the temperature coefficient, ∆E -activation energy for the reaction i, ν pik , and ν rik are stoichiometric numbers of products and reactants for the reaction i and component k, respectively, where the following requirement has to be met:
where A k , is the atomic mass of the atomic species k.
In order to model the volatiles combustion, while taking into account the assumptions related to volatile composition, the two-stage reversible propane combustion reaction was adopted, yields:
Char combustion was modelled using the following two-step reaction:
In this manner, the rates of combustion reactions in the proposed model have been defined. Source members of species conservation equations are shown in tab. 3. Formation of NO is modeled by taking into account all four formation mechanisms: prompt, thermal, fuel, and formation of intermediate species. The source members of species transport equations describing the formation of NO are shown in tab. 4. Discretization of defined equations and their solving was performed by the means of FLUENT software. Results obtained are presented in the following section of this paper.
In order to define the temperature field, energy conservation equations needs to be specified both for the fluid and the porous media. Energy conservation equation in porous media is defined in a similar manner as in case of species concentration fields. In this case, the porous media is considered to be a fluid flow where the influence of porous media is reflected through effective thermal conductivity (single phase model) [3] . It is assumed that the effective diffusion coefficient of gases in the porous media, responsible for transmitting heat resulting from gas diffusion, is the same as effective diffusion coefficient in the fluid flow. Hence, the energy conservation equation for porous media is defined: 
Effective thermal conductivity of the fluid flowing through porous media has been analysed in great detail in the literature [3, 12, 13] , where the importance of stagnant and dispersed thermal conductivity has been emphasized. Similar to the diffusion coefficient considerations described earlier, the impact of dispersed thermal conductivity was assumed to be negligible, due to the fact that at high temperatures and due to thermos physical properties of gases, stagnant thermal conductivity prevails. Thus, the effective heat transfer coefficient is defined:
where λ s is the thermal conductivity coefficient of the porous solid matrix, or in this case, corn stover residue, whose value is determined experimentally. The last member in the energy conservation equation reflects the radiation energy transfer occurring in the gas flow. This member is defined by P1 model of FLUENT 6 CFD package, and is presented in somewhat altered form due to the assumption related to the zero external radiation: where G is the incoming radiation in the final volume. Additional transport equation has been assembled for determination of G member. This transport equation was processed together with all other transport equations defined in the model presented. 2 4 4 σ
Emission coefficient (a) in the radiation energy equation, eq. (12) is determined by the weighted-sum-of-gray-gases model, which is expressed:
Numerical procedure
The previously specified equations enabled the mathematical model describing combustion of baled corn stover residue in the combustion chamber of defined construction features to be completed. Partial differential equations comprising the said mathematical model were non-linear and mutually coupled. Numerical procedure applied for equation solving was based on the use of the control volume method, including implementation of collocated numerical grid for momentum equations, hybrid numerical scheme (the combination of upstream and central differencing), and SIMPLE equation solving algorithm. The final stabilization iteration was performed by sub-relaxation method. Calculation procedure and the numerical method applied are described in more detail in the literature [14] .
The first set of partial differential equations describing combustion of baled corn stover residue has been solved using the adapted version of the open finite-volume CFD-code FASTEST-2D, with specially developed modules for modeling combustion in porous matrix, as well in the surrounding turbulent flow. Mathematical model developed included a mesh set comprised 441,480 equal volumes.
There is no doubt that development of original physical models and respective numerical codes represent the best way to obtain appropriate numerical solution for any engineering problem. The said approach is deemed to be most reliable and appropriate for trouble free implementation. However, the said approach is not considered to be user friendly and is long-lasting. On the other hand, commercial CFD codes have recently achieved such high level of efficiency and accuracy that their utilization in research activities worldwide has demonstrated that the ones can be successfully used for simulation of high-complexity flows characterized by complex chemical reactions. The investigation presented in this paper addresses one such complex flow, where appropriate model was developed to simulate combustion process in a porous medium, as well in the surrounding fluid. It is of course necessary for the user of any code to be provided with a possibility to intervene in the code, i. e. to adjust general model to the particular problem addressed. In the commercial software FLUENT, version 6.3.26, this is easily achieved by the user-defined functions. The software also contains an integrated module for computation of porous media flows. Moreover, the software allows user to introduce the user-defined functions intended for fuel feeding simulation. In the investigation performed, this was achieved by introducing volumetric sources of different fuel constituents (moisture, volatiles, and coke residue) and placing them in the porous zone. This task was very difficult to achieve by the means of FASTEST-2D, leading to the conclusion that commercial CFD software FLUENT 6.3.26 was the best solution for flow simulation in the research investigation performed.
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Experimental results
Experimental results obtained in the selected time interval during stationary operating regime are shown in fig. 3 . The results obtained indicate that during the selected stationary regime, high quality combustion process was achieved. Good thermal isolation and high combustion temperatures of about 780 °C resulted in low content of CO in the flue gas, reaching approximately 40-50 ppm. Also, CO 2 and O 2 levels were found to be within the expected range, so that the excess air was found to be about two. 
Model results
Results of numerical simulation of biomass combustion with zero flue gas re-circulation are shown in fig. 4 . By solving the equations comprising the numerical model, veloc-ity and temperature fields have been obtained, as well as CO, CO 2 , NO, O 2 , and C s concentration fields in the combustion chamber. Analysis performed enabled certain conclusions to be made, which contributed to better understanding of biomass combustion process and pointed out possible construction improvements in biomass combustion facilities. In addition to the temperature and velocity fields, concentrations of certain flue gas components represent one of the most important aspects of combustion process. From the environmental point of view, the greatest polluting impact is attributed to emissions of CO and NO. Bearing in mind that sulfur content in the biomass is negligibly low, CO and NO are the most important air pollutants generated during biomass combustion. Therefore, design of any biomass plant must include all necessary technical measures aimed at reduction of CO and NO emissions.
Since CO is formed at low temperatures or during combustion in ambient characterized by insufficient O 2 content, it is very important to keep combustion temperature at high enough levels and to provide good mixing of O 2 and combustion products. Sometimes good O 2 and flue gas mixing may be difficult to achieve, since turbulent molecular diffusion of O 2 may be insufficient to provide high O 2 concentration in the combustion zone. In these cases, construction modifications are necessary. The most commonly applied modification is aimed at prolonging the flue gas retention time in the high temperature zone, thereby enabling sufficient time for O 2 and fuel mixing and achievement of complete combustion. This solution involves construction of post combustion chamber with addition of the second and third draft, which directly prolongs the gas retention time in the hot zone. The validity of this solution is clearly ob-served from fig. 4(c) which indicates that the most intensive formation of CO occurs in the zone near the entrance of the combustion chamber. In this zone, temperatures are high enough (~1200 K), as indicated in fig. 4(a), but the O 2 concentration is very low, fig. 4(e) , which leads to the conclusion that O 2 diffusion is the main mechanism responsible for CO formation. It should be kept in mind that high temperatures in the considered area are very favorable for development of reverse endothermic reactions associated with CO 2 decomposition to CO and O 2 , which further increases the problem.
The NO is another harmful combustion product which occurs due to high O 2 content and presence of high temperature zones. The NO concentration fields shown in fig. 4(d) indicate that the zone with the most intensive formation of NO fits the high temperature zone, fig. 4(a) . In the same time, the zone with the most intensive NO formation is limited to the zone where the gradient of O 2 is high, fig. 4 (e). Unlike CO, NO cannot be removed by providing special combustion conditions after NO is formed. Therefore, special attention must be given to the formation of NO, implementing measures aimed at reduced NO formation. This is accomplished by reducing the temperature and O 2 concentration in the combustion zone by the means of cold flue gas re-circulation. Table 5 shows comparison of experimental data with results obtained through implementation of mathematical model developed, indicating good agreement between the two set of data. Also, good agreement can be observed from the diagram presented in fig. 5(a) , which exhibits temperature profiles obtained by measurements as well as though implementation of developed model. Maximum temperature in the furnace could not be measured due to the limitation imposed upon maximum temperature measurable by the measurement chain used (comprising K-type thermocouple, temperature data acquisition system and computer software), which equaled 1200 °C. Based on the collected data, it is concluded that biomass combustion model is successfully verified, so that parametric study on the impact of flue gas re-circulation on the reduction of maximum temperature in the combustion chamber can be performed. Differences of the results in the measurements and the mathematical model can be seen in tab. 5. These differences may be acceptable, because they are in the range of the extended measurement uncertainty of the measuring equipment.
Model verification
Analysis of cold flue gas re-circulation
Analysis is performed in order to evaluate the effects of cold flue gas re-circulation on the reduction of maximum temperature in the combustion chamber. The study was conducted using the previously described 3-D computer model. Cold flue gas was introduced only through the lower air intakes, since it was assumed that such air intake had the most pronounced effect. Three air re-circulation cases were considered: (1) zero flue gas re-circulation, (2) 17% flue gas re-circulation, and (3) 50% flue gas re-circulation. Table 6 shows input parameters for all three cases addressed. After conducting numerical simulation, several conclusions have been derived. Flue gas re-circulation is convenient in terms of reducing concentration of nitrogen oxides in the flue gas, as seen in tab. 7. Also, a positive effect on the reduced size of the zone with temperature higher than 850 °C is observed. Figure 5(b) shows the width of the zone with temperature higher than 850 °C for all three examined cases, where the zone width was measured relative to the central axis of the biomass bale. It may be noted that increased re-circulation results in reduced width of the high temperature zone. Thus, it is concluded that combustion of biomass characterized by low ash melting point must be performed with cold flue gas re-circulation. Table 7 shows results of the combustion process simulation in the cigar burner, with analysis of the impact achieved by cold flue gas re-circulation. Results obtained indicate that excess air coefficient remained to be around 2, because gas flow at the entrance of combus tion chamber was increased. This reduces maximum temperature in the combustion chamber Table 7 . Output parameters and flue gas temperature at the exit of the combustion chamber. Beside these two, other combustion parameters remained at approximately the same level. Figure 6 shows simulation of flue gas re-circulation effect when border surface temperature equals 850 °C (1123 K). The volume of the porous media, limited by the cold zone and the border surface, is safe from the ash sintering point of view, because temperatures developing in the volume are lower than 850 °C. Also, as seen from the diagram, the size of the safe zone is set significantly higher when cold flue gas re-circulation is applied. This means that in the considered volume, ash sintering will certainly not occur. Although 50% flue gas re-circulation is difficult to achieve in practice, it's been used in order to compare and evaluate the effects of cold flue gas re-circulation. 
Conclusions
Experimental investigation performed on specially developed experimental apparatus equipped with cigar burners and intended for combustion of biomass bales, indicate that corn stover remains, prepared in the form of bales, can be used for combustion. However, special attention must be paid to the ash sintering issues. Although in case of corn stover combustion this problem is not as pronounced as in the case of wheat straw combustion, problems may arise after longer period of boiler operation. Results obtained during experimental investiga- tions performed on the apparatus designed for combustion of small biomass bales may prove to be of great importance when designing full-scale furnaces and estimating kinetics of combustion process in furnaces of various capacities. In addition, results of experiments performed on specially designed installation provided valuable information on the impact of flue gas recirculation on the reduction of maximum temperature in the combustion chamber, as well as reduction of nitrogen oxides concentration in the flue gas. Data obtained were used to verify the mathematical model developed to simulate analyzed case of biomass combustion. The mathematical model was developed in such a way to enable simulation of biomass combustion in stationary operating regimes with sufficient accuracy and with acceptable description of physical phenomena. Numerical results obtained showed satisfactory agreement with experimental data, both with respect to flue gas temperature and flue gas composition at the outlet cross section of the combustion chamber, as well as in terms of temperature profiles developed in the central plane of the balled corn stover. It follows that developed 3-D model can be successfully used to simulate different working regimes of the considered furnace, as well as to simulate combustion of various baled biomass species. Parametric analysis performed showed that cold flue gas re-circulation reduces maximum temperature in the combustion chamber as well as maximum temperature zone. This is very important with respect to ash melting problems. At the same time, flue gas re-circulation also results in lower NO concentrations in the flue gas, which is very important from environmental point of view.
Further research should be directed towards the determination of kinetic parameters of biomass combustion and flue gas re-circulation impact on their change. This is a very important issue during designing new furnaces, because of the aforementioned parameters depends the size of biomass burning zone, and hence the dimensions of the combustion chamber. In addition, it is necessary to consider other measures that reduced the emissions of NO x into the atmosphere during combustion of agricultural biomass.
